Our objective was to determine if the severity of short-term feed restriction (FR) affects the timeline for recovery of the absorptive function of the reticulorumen and barrier function of the total gastrointestinal tract in beef cattle. Eighteen ruminally cannulated and ovariectomized Angus × Hereford heifers were housed in individual pens. Heifers were blocked by initial BW into 3 blocks and, within block, randomly assigned to 1 of 3 treatments that differed in the severity of FR: heifers were restricted to 75, 50, or 25% of ad libitum intake. Treatments were imposed during a 5-d period of FR followed by 3 consecutive wk of recovery (REC1, REC2, and REC3). Throughout the experiment heifers were fed the same diet (60% forage:40% concentrate) for ad libitum intake (except during FR) and water was available at all times. Dry matter intake was measured daily and ruminal pH was recorded every 2 min during FR and recovery periods. Ruminal fl uid and blood samples were collected on d 3 of the FR and d 5 of REC1 and REC3. Short-chain fatty acid (SCFA) absorption rates were evaluated on the last day of FR, REC1, and REC3 using the temporarily isolated and washed reticulo-rumen technique. On d 2 of FR and d 4 of REC1 and REC3, a 1 L solution of Cr-EDTA (180 mM) was dosed into the rumen followed by 48 h of total urine collection. Dry matter intake (% BW) increased rapidly in REC1 for heifers restricted to 75 and 50%; however, heifers restricted to 25% needed at least 2 wk to recover (treatment × period; P < 0.001). Regardless of the severity of FR, the duration that pH < 5.5 was the highest during REC1 (period P < 0.001). However, an interaction was found for the acidosis index, with pH × min/kg of DMI being greatest in heifers restricted to 25% on d 1 of the recovery period. A treatment × period interaction was found for the absolute absorption rate (mmol/h) of total SCFA (P = 0.009). The total SCFA absorption rate was not different for heifers restricted to 75 and 50% across periods, whereas an increase from FR and REC1 to REC3 was detected for heifers restricted to 25% of ad libitum intake. A treatment effect was observed for urinary Cr output (P = 0.027) indicating that heifers previously restricted to 25% of ad libitum intake had greater Cr excretion in urine during FR and recovery. This study indicates that severe FR negatively affects the time required for recovery of reticulo-rumen absorptive function and total tract barrier function. Another important fi nding is that regardless of severity, FR increases risk for ruminal acidosis when heifers have free access to feed after FR.
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INTRODUCTION
Feed restriction (FR) occurs in beef and dairy production, albeit inadvertently, with abrupt weaning (Haley et al., 2005) , transportation (Hutcheson and Cole, 1986) , parturition (Hayirli et al., 2002) and heat stress (Mader et al., 2006) . Past studies have suggested that short-term feed deprivation (Gäbel et al., 1993) , short-term FR (Zhang et al., 2013) , and chronic FR (Perrier et al., 1994; Doreau et al., 1997) negatively affect short-chain fatty acid (SCFA) absorption across the rumen. As it may not be possible to prevent short-term FR (e.g., occurring due to heat stress or parturition), it is important to develop a comprehensive understanding of factors affecting the recovery of absorptive and barrier function. This becomes particularly important given that SCFA absorption contributes up to 75% of the total ME supply (Bergman, 1990) , and that compromised barrier function may increase the risk for ailments such as laminitis (Nocek, 1997) , liver abscesses (Nagaraja and Chengappa, 1998) , and acute interstitial pneumonia (Loneragan et al., 2001 ). Unfortunately, only 2 studies to date have evaluated barrier as affected by reduced feed provision with those studies showing that feed deprivation or short-term FR (Zhang et al., 2013) compromise barrier function. We also have a limited understanding of the timeline required for recovery of absorptive function after nutritional insults such as ruminal acidosis (Gaebel and Martens, 1988) or feed restriction (Doreau et al., 2003) and no studies have evaluated whether the severity of the FR event affects the recovery response of absorptive and barrier function of the gut tract in ruminants.
We hypothesized that the time required for the recovery of reticulo-rumen absorptive function and total tract barrier function would be dependent on the severity of the short-term FR imposed. Therefore, our objective was to evaluate the timeline needed for the recovery of absorptive function of the reticulo-rumen and the barrier function of the total gastrointestinal tract after short-term FR of different severities.
MATERIALS AND METHODS
Animal use for this experiment was preapproved by the University of Saskatchewan Animal Research Ethics Board (protocol number 20100021) and was in accordance with the guidelines of the Canadian Council of Animal Care (Ottawa, ON, Canada) .
This study is part of a larger body of work designed to evaluate the effect of the severity of FR on absorptive function of the reticulo-rumen and barrier function of the gastrointestinal tract. A previous paper (Zhang et al., 2013) has described the effect of the severity of FR on absorptive and barrier function, with this paper reporting the timeline for recovery.
Experimental Design and Animals
Heifers and treatments used in this study have been previously reported (Zhang et al., 2013) . Briefl y, 18 ruminally cannulated and ovariectomized Angus × Hereford heifers were used in a randomized complete block design. Heifers were housed at the University of Saskatchewan Livestock Research Building in individual pens (9 m 2 ) throughout the study. According to initial BW, heifers were assigned into 3 blocks (mean ± SD for BW; 384.2 ± 8.5, 412 ± 14.4, and 429.8 ± 16.5 kg, respectively) and within block were randomly assigned to 1 of 3 treatments that differed in the severity of FR. The experiment consisted of a 2 wk adaptation period, 5 d of baseline measurements (BASE), 5 d of FR, and 3 consecutive weeks of recovery (REC1, REC2, and REC3). Our previous paper demonstrated the effect of FR by comparing BASE and FR (Zhang et al., 2013) . This paper will focus on data collected during FR, REC1, REC2, and REC3 to evaluate the recovery response using FR as the starting point. Treatments were imposed during FR such that heifers were either restricted to 75, 50, or 25% of voluntary intake measured during BASE. Throughout the study, heifers were fed the same diet once daily at 0800 h with water available at all times. The diet was formulated to meet or exceed nutrient requirements except during FR (NRC, 2000) .
Data and Sample Collection
Dry Matter Intake. As reported previously (Zhang et al., 2013) , heifers were fed a diet containing (DM basis) 32% barley grain, 30% grass hay, 30% barley silage, and 8% vitamin and mineral supplemental pellets. The dietary DM (mean ± SEM) was 658 ± 19.7 g/kg, with OM, CP, crude fat, and NDF concentrations of 921 ± 2.7, 112 ± 3.5, 18 ± 0.4, and 401 ± 4.4 g/kg DM. Feed intake was measured daily during FR, REC1, REC2, and REC3 as the difference between the weight of the feed offered and refused. Feed ingredient samples were collected and analyzed for DM, ash, CP, ether extract, and NDF.
Ruminal pH and SCFA Concentration. Ruminal pH was measured every 2 min for the fi rst 4 d of FR and the fi rst 6 d of REC1, REC2, and REC3 using the Lethbridge Research Centre Ruminal pH Measurement System (LRCpH; Dascor, Escondido, CA; Penner et al., 2006) . The daily ruminal pH values were summarized as minimum, mean, and maximum. In addition, the daily duration (min/d), area (pH × min/d), and acidosis index (pH × min/kg of DMI) were calculated using pH 5.5 as a threshold (Penner et al., 2007) .
Ruminal fl uid samples were collected every 4 h over a 24 h duration starting from 0800 h on d 3 of FR, and d 5 of REC1 and REC3. Ruminal digesta (250 mL from each location) was collected from the cranial sac, ventral sac, and the rumen fl uid/rumen mat interface. Samples from each location were combined, strained through 2 layers of cheesecloth, and preserved in 25% metaphosphoric acid (wt/vol; 5:1 ratio for ru-men fl uid:metaphosphoric acid). Samples were stored at −20°C until being analyzed for SCFA concentration as described by Khorasani et al. (1996) .
Blood Sampling and Analysis. Catheters were placed in a jugular vein 1 d before sample collection with blood (10 mL) being collected every 4 h over a 24 h duration on the same day and at the same time as ruminal fl uid sampling. Between samples, catheters were fl ushed with heparinized saline to maintain patency. Blood was collected into containers containing 158 IU units of Li-heparin or a silica gel (BD, Franklin Lakes, NJ). For plasma, blood samples were centrifuged immediately at 2,500 × g for 15 min at 4°C, whereas samples used for serum were allowed to clot for 4 h before being centrifuged. Harvested plasma and serum were stored at −20°C until analysis. Plasma and serum were analyzed for glucose (Sigma Aldrich, Oakville, ON, Canada), β-hydroxybutyrate (BHBA; Roche, Mississauga, ON, Canada), and NEFA concentrations (NEFA-HR 2; Wako Diagnostics, Richmond, VA) using commercial kits as described in detail by Zhang et al. (2013) .
Short-Chain Fatty Acid Absorption. The temporarily isolated and washed reticulo-rumen technique (WRR; Care et al., 1984; Gäbel et al., 1993; Aschenbach et al., 2009 ) was conducted on the last day of FR, REC1, and REC3 to evaluate the rate of SCFA absorption across the reticulo-rumen epithelium. In each block, 1 heifer from each of the 3 treatments was subjected to the WRR procedure at 0900 h, whereas the second heifer was subjected to the WRR at 1300 h. Before the start of measurements, reticulo-rumen contents were completely evacuated and stored in an insulated container followed by a series of washes using warm tap water and a preheated washing buffer solution containing (mM) NaCl (105), Na-acetate (10), , and NaHCO 3 (25) adjusted to 38°C and pH 6.2. Buffer osmolality was 297 ± 3.3 mOsmol/kg. The reticulo-rumen was then isolated from the rest of the gastrointestinal tract by inserting occluding devices into the esophagus and omasal orifi ce, with saliva being continuously aspirated by a vacuum pump (model N86KT45P; KNF Neuberger Inc., Trenton, NJ). After placement of the occluding devices, the reticulo-rumen was washed an additional time with 5 L of washing buffer and the remaining buffer solution was removed completely. Fifteen liters of incubation buffer solution were infused into the reticulo-rumen and 100% CO2 was continuously infused to facilitate buffer mixing. The incubation buffer contained (mM) CaCl 2 (2), MgCl 2 (2), NaCl (5), KCl (5), Na-acetate (30), K-acetate (35), Na-propionate (35), Na-butyrate (8), butyric acid (7), L-lactic acid (5), NaHCO 3 (25), and Cr-EDTA (2) and was adjusted to pH 6.2 at 38°C. Samples of the incubation buffer were collected before infusion and at 5 and 65 min after infusion.
Samples were preserved in 25% metaphosphoric acid (wt/vol), frozen, and stored at −20°C until being analyzed for SCFA and Cr concentrations as previously described for ruminal fl uid (Zhang et al., 2013) . Chromium concentration was determined using atomic absorption spectrometry (iCE 3000 series; Thermo Fisher Scientifi c Inc., Waltham, MA) and osmolality of the experimental buffer (before infusion with no preservative) was measured in duplicate (Model 3250; Advanced Instruments Inc., Norwood, MA). Rates of SCFA absorption were calculated using the difference between the initial and fi nal concentrations after correction for ruminal water fl uxes using Cr-EDTA.
Total Gastrointestinal Tract Barrier Function. Barrier function was assessed using Cr-EDTA as a paracellular permeability marker (Saunders et al., 1994) . On d 2 of FR and d 4 of REC1 and REC3, a 1-L solution of 180 mM Cr-EDTA was infused into the rumen at 0900 h. Urine was collected for the next 48 h with urine output being measured and subsamples being collected on a 24-h basis. Urine samples were used for determination of Cr concentration using atomic absorption spectrometry (Vicente et al., 2004) . The 48-h total Cr output was calculated.
Statistical Analysis
Statistical analysis was performed using the PROC MIXED procedure (SAS Inst. Inc., Cary, NC). Two statistical models were used in this study. The fi rst model was designed to evaluate whether treatment, period, and treatment × period effects occurred. This model included the fi xed effects of treatment, period, and block using heifer within block as the random effect with data that was collected daily averaged across each period (e.g., DMI and rumen pH). With this model, period was included as a repeated measure and the covariance error structure that yielded the lowest Akaike's and Bayesian Information Criterion was used in the analysis for each variable. Linear and quadratic regressions were tested when the treatment × period interaction was not significant but period was signifi cant. This was accomplished using the PROC MIXED procedure of SAS with period included as a continuous variable.
To further evaluate transient changes during the initial portion of the recovery period (i.e., REC1), the second model evaluated the treatment, day, and treatment × day effects within REC1 for DMI and ruminal pH. This model included the fi xed effects of treatment, day, and block, including heifer within block as the random effect. Day was included as a repeated measure and the covariance error structure that yielded the lowest Akaike's and Bayesian Information Criterion were used. When the day effect was signifi cant without treatment × period interaction signifi cance, linear, quadratic, and cubic regressions were analyzed using the PROC MIXED procedure of SAS using the same model as above except that day was included as a continuous variable.
For all statistical approaches, differences were considered signifi cant when P ≤ 0.05 and tendencies are discussed when 0.05 < P ≤ 0.10.
RESULTS

Dry Matter Intake and Ruminal Fermentation
An interaction between treatment and period was detected for DMI (P < 0.001; Table 1 ). During FR, DMI was greatest for heifers restricted to 75%, least for 25%, and intermediate for 50%. The DMI of all 3 treatments increased when heifers returned to ad libitum feed provision. However, there were no differences for DMI among treatments or periods during recovery although, numerically, slight increases were detected for heifers restricted to 50% and 25% from REC1 to REC2 and from REC2 to REC3. A treatment × period interaction was also detected for DMI when reported as a proportion of initial BW (P < 0.001; Table 1 ). Heifers restricted to 75 and 50% during FR responded similarly in that DMI as a proportion of BW increased from FR to REC1 and did not change thereafter. However, heifers restricted to 25% increased DMI as a proportion of initial BW from FR to REC1 and from REC1 to REC3 with no differences between REC1 and REC2, and REC2 and REC3.An interaction between treatment and period was detected for SD of DMI (P = 0.035; Table 1 ). Not surprisingly, numerically the greatest variation was observed during REC1 compared with the other periods and heifers restricted to 25% had the numerically greater SD for DMI during REC1 compared with heifers restricted to 75 and 50%.
An interaction between treatment and period was detected for the concentration of total ruminal SCFA (P < 0.001; Table 2 ). The severity of FR affected total SCFA concentration with the least concentration observed for heifers restricted to 25%, intermediate for 50%, and greatest for 75% during FR. When heifers were refed ad libitum, the total SCFA concentration increased to similar values for all treatments from FR toward REC3. At variance to the other 2 groups, however, heifers restricted to 25% had numerically greater concentrations of total SCFA in REC1 compared with REC3. A treatment × period interaction was found for the molar proportion of acetate (P = 0.006; Table 2 ) and propionate (P = 0.050; Table 2 ). There was no change in the molar proportion of acetate for heifers restricted to 75% among periods, whereas heifers restricted to 50 and 25% of their ad libitum intake responded to ad libitum feed intake with a decrease in the molar proportion of acetate from FR to REC1 followed by an increase during REC3. The molar proportion of propionate was not different among periods for heifers restricted to 75 and 50% of ad libitum DMI, whereas a rapid increase was found from FR to REC1 for heifers restricted to 25%. A tendency for an interaction between treatment and period was found for the molar proportion of butyrate (P = 0.083; Table 2 ). Moreover,, the molar proportion of butyrate was affected by treatment (P = 0.042) with heifers restricted to 25% of ad libitum intake during FR having a greater proportion of butyrate (12.40 mol/100 mol) across periods than heifers restricted to 75% (10.75 mol/100 mol), but those restricted to 50% (11.30 mol/100 mol) were not different from 25 or 75%. There was no period effect for butyrate (P > 0.10).
The minimum, mean, and maximum ruminal pH values were all affected by a treatment × period interaction (P < 0.001; Table 3 ). During FR, minimum pH was highest for heifers restricted to 25%, lowest for 75%, but those restricted to 50% were not different from either 25 or 75%. During recovery, the minimum values decreased relative to FR but were not different among treatments or week of recovery. Mean pH during FR was higher for heifers restricted to 25 and 50% than heifers restricted to 75% with a drastic reduction in mean pH on return to ad libitum feeding. The extent of 1 Values refer to the percentage of feed offered during FR relative to that consumed during a 5-d baseline (BASE) period immediately preceding FR. During FR, heifers were restricted to 75 (FR75), 50 (FR50), or 25% (FR25) of the DMI measured during BASE. Heifers were then provided ad libitum access to feed for 3 consecutive wk for recovery (REC1, REC2, and REC3).
2 Results are arithmetic means from 6 heifers per treatment.
the reduction in mean pH on return to ad libitum feeding was dependent on the severity of the FR such that heifers restricted to 75, 50, and 25% had reductions in mean pH by 0.46, 0.82, and 1.09, respectively. No differences in mean pH were detected among treatments during recovery. An interaction between treatment and period was also detected for maximum ruminal pH (P < 0.001; Table 3 ), where heifers restricted to 75% had no changes throughout the whole experiment, but heifers restricted to 50 and 25% had lower maximum pH during REC1 than FR with maximum pH increasing from REC1 to REC3.
Interactions between treatment and time were not detected for duration, area or the acidosis index, and thus only main effects are presented. Treatment had no effect on the duration (min/d), area (pH × min/d), or acidosis index (pH × min/kg of DMI) using pH 5.5 as a threshold (Table 4) . However, period effects were detected for all 3 variables (quadratic P < 0.001; Table 4 ). The duration that pH < 5.5 was less than 5 min/d during FR, which increased to nearly 4 h/d during REC1 followed by a slight reduction and subsequent plateau in REC2 and REC3. Similar responses were observed for both area and the acidosis index with the lowest values during FR, highest during REC1, and slight reductions from REC1 to REC2 with no changes thereafter.
As dramatic changes for intake and pH were observed when transitioning from FR to ad libitum intake, we further evaluated the response during REC1 using day as a repeated observation (Table 5) . No interactions (P > 0.10) between treatment and day during REC1 were detected for DMI (kg/d and as % of BW), pH values (minimum, mean, and maximum pH), and indicators of ruminal acidosis (duration and area that pH < 5.5). Overall, treatment effects on DMI (kg/d and as a % BW) and minimum, mean, and maximum pH basically refl ected the treatment effects already described for REC1 in Tables 1 and 3 . When considering the day by day changes, however, DMI and DMI as % of BW showed a cubic response over time, whereas minimum and mean pH, as well as the indicators of ruminal acidosis (duration and area that pH was < 5.5), showed a quadratic to cubic response from d 1 to 6. The greatest DMI was observed on d 1 , coinciding with the lowest ruminal pH values (minimum and mean) and the greatest indices of acidosis. This was followed by a sharp reduction for DMI (kg/d) and DMI (% BW) Table 2 . Interaction between the severity of feed restriction (FR) and week of recovery (REC1 and REC3) for total short-chain fatty acid (SCFA) concentration and molar proportion of acetate ratio in ruminal digesta 1 Values refer to the percentage of feed offered during FR relative to that consumed during a 5-d baseline (BASE) period immediately preceding FR. During FR, heifers were restricted to 75 (FR75), 50 (FR50), or 25% (FR25) of the DMI measured during BASE. Heifers were then provided ad libitum access to feed for 3 consecutive wk for recovery (REC1, REC2, and REC3).
3 The treatment effect was signifi cant for the molar proportion of butyrate (P = 0.042). Treatments means for 75, 50, and 25% were 10.75, b 11.30, a,b and 12.40 a mol/100 mol (SEM = 0.414) with uncommon letters indicating means that differ. For butyrate, the period effect was not signifi cant (P = 0.544). 1 Values refer to the percentage of feed offered during FR relative to that consumed during a 5-d baseline (BASE) period immediately preceding FR. During FR, heifers were restricted to 75 (FR75), 50 (FR50), or 25% (FR25) of the DMI measured during BASE. Heifers were then provided ad libitum access to feed for 3 consecutive wk for recovery (REC1, REC2, and REC3).
on d 2 and 3, during which minimum and mean pH values increased and indices of acidosis decreased to plateau values, respectively. The acidosis index (area pH < 5.5/kg DMI) was affected by a treatment × day interaction in REC1 (P = 0.036; Fig. 1 ). For heifers restricted to 75 and 50%, the acidosis index was not different from d 1 to 6 when heifers had ad libitum access to feed; however, the acidosis index changed drastically for heifers that were previously restricted to 25% of their ad libitum DMI with the greatest value on d 1 and the least value on d 2.
Reticulo-rumen Absorptive Function
An interaction between treatment and period was detected for the absolute absorption rate (mmol/h) of total SCFA, acetate, propionate, and butyrate (P ≤ 0.021; Table 6 ). For heifers restricted to 75%, the absolute rates for total SCFA, acetate, propionate, and butyrate were not different among FR and recovery periods; however, numerically all the variables increased from FR to REC1 and then decreased in REC3. For heifers restricted to 50%, there were no differences among experimental periods, but numerically all variables increased from FR to REC1 with a smaller numerical increase from REC1 to REC3. However, heifers restricted to 25% during FR had an increase in total SCFA, acetate, and propionate absorption rates in REC3 relative to FR with intermediate values in REC1. The rate of butyrate absorption (mmol/h) was not different between FR and REC1 with an increase from REC1 to REC3 detected for heifers restricted to 25% of their ad libitum feed intake.
Although interactions were detected for the absolute absorption rates (mmol/h), no interactions between treatment and period were detected for the fractional rates of SCFA absorption (%/h; P > 0.05; data not shown), and thus the main effects of treatment and time are presented (Table 7 ). There were no effects (P ≥ 0.33 ) of treatment on the fractional rate of SCFA absorption; however, linear increases were detected over time (P ≤ 0.005) for total SCFA, acetate, propionate, and butyrate.
Total Tract Barrier Function
No interaction between treatment and period was detected for Cr excretion (P = 0.112; data not shown). However, the severity of the FR event affected urinary Cr excretion (P = 0.027; Fig. 2 ) and thus the recovery of barrier function, although, we did not detect changes in Table 4 . The effect of the severity of feed restriction (FR) and wk of recovery (REC1, REC2, REC3) on indicators for ruminal acidosis using pH 5.5 as a threshold urinary Cr recovery over time (period P = 0.993; data not shown). Heifers restricted to 50% had the least Cr output and heifers restricted to 25% had the greatest with heifers restricted to 75% having intermediate urinary Cr output.
Blood Metabolites
Treatment did not affect (P ≥ 0.80) plasma glucose or BHBA concentrations, whereas period effects were detected (Table 7) . Plasma glucose decreased linearly from FR (83 mg/dL) to REC3 (76 mg/dL; P < 0.001), whereas plasma BHBA concentration increased linearly (P = 0.026) over time. A treatment × period interaction was only detected for serum NEFA (P < 0.001; Fig. 3 ). Cows restricted to 25% had greater NEFA concentration than those restricted to 75% and 50% during FR, but on returning to ad libitum feed intake in REC1, serum NEFA concentrations decreased rapidly for all treatments with no differences observed thereafter.
DISCUSSION
The severity of feed restriction is dependent on the duration of the insult and the extent to which feed is limited. Although, during transportation beef and dairy cattle experience complete feed deprivation, this exposure is generally short in duration (<16 h; González et al., 2012) . In contrast, there are many examples in commercial production settings where cattle experience short-term periods (up to 1 wk) with limited access to feed or where cattle voluntarily reduce feed intake (denoted as FR). Such examples include weaning (Haley et al., 2005) , parturition (Hayirli et al., 2002) , on arrival at a feedlot for highly stressed calves (Hutcheson and Cole, 1986) , and during heat stress (Mader et al., 2006) .
There is a growing body of evidence demonstrating that FR, whether it be short-term feed deprivation (Gäbel et al., 1993; , chronic FR (Perrier et al., 1994; Doreau et al., 1997) , or short-term FR (Zhang et al., 2013) , negatively affects the absorptive function of the ruminal epithelium. In some of these studies, the authors investigated barrier function showing that feed deprivation and FR have a negative effect on barrier function Zhang et al., 2013) . Although these fi ndings have enhanced our understanding of the rapid onset of degenerative processes for the ruminal epithelia, few studies (Doreau et al., 2003) to date have evaluated the time required for the ruminal epithelia to recover. Thus, this study was designed to evaluate how the severity of short-term FR affects the timeline for recovery of ruminal absorptive function and total tract barrier function.
In the current study, we observed that the timeline and rate of recovery for DMI (as a proportion of initial BW), after return to ad libitum intake, was dependent on the severity of the FR induced. The timeline required for DMI recovery appears to be hastened for heifers exposed to less severe episodes of short-term FR such that heifers Table 6 . Interaction between the severity of feed restriction (FR) and week of recovery (REC1 and REC3) on short-chain fatty acid (SCFA) absorption across the temporarily isolated and washed reticulo-rumen 110.4 a a,b Means within a dependent variable that have uncommon letters differ (P ≤ 0.05). The SEM reported is for the interaction data.
1 Values refer to the percentage of feed offered during FR relative to that consumed during a 5-d baseline (BASE) period immediately preceding FR. During FR, heifers were restricted to 75 (FR75), 50 (FR50), or 25% (FR25) of the DMI measured during BASE. Heifers were then provided ad libitum access to feed for 3 consecutive wk for recovery (REC1, REC2, and REC3).
2 Dissapearance rates from the reticulo-rumen were deemed equal to absorption rates.
3 Results are arithmetic means from 6 heifers per treatment. Figure 1 . Interaction between the acidosis index and day within the fi rst week of recovery (P = 0.027). Heifers were restricted to 75% (white bars), 50% (gray bars), or 25% (black bars) of ad libitum intake during feed restriction (FR) and provided ad libitum intake during recovery. Results represent means with SEM from 6 animals. Means with uncommon letters differ across treatments and periods (P ≤ 0.05).
exposed to severe FR required at least 2 wk to stabilize DMI, with those exposed to moderate FR (those restricted to 50% of their pre-FR intake) only having modest numerical increases in DMI during the 3 wk of recovery. In contrast, heifers restricted to 75% of their pre-FR DMI had resumed DMI within REC1. This fi nding is supported by Hutcheson and Cole (1986) as they showed that highly stressed newly received cattle require more than 2 wk for feed intake to return to expected levels. Although Hutcheson and Cole (1986) were not able to separate the effects of stressors associated with weaning, transportation, comingling, environmental changes, and feed deprivation on the time required to return to expected feed intake, our study confi rms their fi ndings showing that even in the absence of other stressors, FR itself has carryover effects with heifers exposed to severe FR (those restricted to 25% of their pre-FR intake) requiring at least 2 wk to return to expected voluntary intake. These data highlight the importance of developing strategies to minimize the severity of FR associated with long-haul transportation.
The mechanisms for why the return to feed intake after a period of FR is delayed with minimal external stressors is not currently known. Feed intake in ruminants is regulated via the central nervous system with neurochemical messaging, hormonal-mediated signal- 75 (FR75) , 50 (FR50), or 25% (FR25) of the DMI measured during BASE. Heifers were then provided ad libitum access to feed for 3 consecutive weeks for recovery (REC1, REC2, and REC3).
3 β-hydroxybutyrate (BHBA) Figure 2 . Effect of severity of feed restriction on 48-h urinary Cr output during feeding restriction (FR) and recovery (REC1 and REC3; treatment P = 0.027). Heifers were restricted to 75% (white bars), 50% (gray bars), or 25% (black bars) of ad libitum intake during FR with ad libitum intake during recovery. Results represent means with SEM from 6 heifers. Means with uncommon letters differ across treatments (P ≤ 0.05). ing, and physical distension of the forestomach all infl uencing DMI (Mertens, 1994; Allen et al., 2009; Sartin et al., 2011) . Although digesta mass and volume were not measured in the current study, it is unlikely that physical distension hindered the return to expected feed intake, especially considering that all heifers were fed the same diet and had recently experienced a period of short-term FR. However, based on the data collected we are unable to confi rm the mechanisms involved for the delayed return to pre-FR DMI. Future studies are needed to elucidate mechanisms and strategies to accelerate the recovery of DMI after a period of FR.
Provision of ad libitum access to feed after 5 d of FR induced ruminal acidosis regardless of the severity of the FR. In fact, when treatments were pooled, heifers spent more than 233 min (nearly 4 h) below pH 5.5 per day during REC1. Although this was not an expected outcome given the moderate fermentability of the diet (forage-to-concentrate ratio of 60:40), numerous researchers have used short-term FR as part of a ruminal acidosis induction strategy (Owens et al., 1998; Momcilovic et al., 2000) , and ruminal acidosis is a common occurrence after heat stress (Kadzere et al., 2002; Collier et al., 2006) , likely due to short-term FR followed by large meals on alleviation of heat stress.
In an earlier study, a high correlation between feed intake and the lowest daily ruminal pH on the previous day was observed for feedlot cattle, indicating that if pH is low, cattle will regulate ruminal pH by decreasing feed intake (Brown et al., 2000) . Fulton et al. (1979) showed for beef cattle that DMI was depressed when ruminal pH fell below approximately 5.6. The conclusions of these previous studies are supported by the current study where the lowest ruminal pH value was observed on d 1 of REC1 (i.e., fi rst day of ad libitum feed after 5 d of FR) followed by a reduction in DMI by 2 kg on d 2 relative to d 1. The reduction in pH caused by high DMI on d 1 of REC1 resulted in an average minimal pH value of 4.93 and a duration that pH was below 5.5 of 522 min on the fi rst day back to ad libitum feeding.
High DMI is often associated with low pH or a greater risk for the occurrence of ruminal acidosis (Stone, 2004; Krause and Oetzel, 2006) . However, several studies (Bevans et al., 2005; Penner et al., 2007 Penner et al., , 2009b have demonstrated that DMI is not a reliable indicator of the relative risk for ruminal acidosis. This suggests that other factors such as acid clearance may have a larger impact on the regulation of ruminal pH (Penner et al., 2009a; Aschenbach et al., 2011) . The current study confi rms that DMI is not the sole risk factor as, depending on the treatment, DMI increased during recovery or was relatively constant, despite having lower pH and a greater severity of ruminal acidosis in REC1 than the subsequent periods. The period of most severe pH depression also corresponded to the period where SCFA absorption was compromised. This further emphasizes the importance of SCFA absorption on ruminal pH homeostasis (Penner et al., 2009a; Aschenbach et al., 2011) .
As mentioned above, it could be expected that low rates for SCFA absorption during the fi rst week of ad libitum feeding (REC1) contributed to a greater risk for ruminal acidosis Penner et al., 2009a; Aschenbach et al., 2011) . Conversely, it is also possible that ruminal acidosis may have contributed to reduced absorptive function of the reticulo-rumen during REC1. It has been shown in previous experiments using the WRR technique that reducing buffer solution pH from 6.8 to 4.8 led to decreases in the net absorption of Na + , Mg2 + , and Cl-across the reticulo-rumen in sheep (Gaebel et al., 1987) , and that approximately 5 d were necessary for the epithelium to recover to full absorptive function for these electrolytes (Gaebel and Martens, 1988) . Using Ussing chambers, acidifi cation of the mucosal side to pH 5.2 compared with pH 6.2 decreased the mucosal-to-serosal fl ux of butyrate in the recovery period which suggests that low ruminal pH also induces negative carryover effects on the absorptive function of the ruminal epithelium for SCFA absorption (Wilson et al., 2012) . As we cannot prove cause or effect in the current study, future work is needed to determine the interrelationship between absorptive function of the rumen epithelium and ruminal acidosis.
As was hypothesized, the absolute SCFA absorption rate (mmol/h) increased from REC1 to REC3 for heifers restricted to 25% of ad libitum intake, whereas heifers restricted to 75 and 50% of ad libitum intake during FR either had no change in the rate of SCFA absorption or the rate increased only numerically. This fi nding is important from 2 perspectives: fi rst, it suggests that downregulation of epithelial functions can occur more rapid than functional recovery of the ruminal epithelium, and, second, it confi rms our hypothesis that the severity of the FR event impacts not only the downregulation of epithelial functions but, especially, on the recovery response. To our knowledge, this is the fi rst time that the severity of FR and the resulting recovery time has been investigated.
Regarding the recovery response after FR, insight and support for the timeline observed can be provided from previous studies evaluating ruminal epithelial adaptation. A previous study (Etschmann et al., 2009) has demonstrated that functional adaptation precedes morphological adaptation and occurs rapidly with more than 70% of the total adaptive response for Na+ absorption occurring in the fi rst 7 d after an increase in diet fermentability. Moreover, Doreau et al. (2003) suggested that approximately 2 wk was required for recovery of the absorptive function of the ruminal epithelia after a 10-wk period of FR at 50% of the maintenance requirement. This adaptation corresponds with a reduction in time required for epithelial turnover, with an average of 16 d when fed roughage, 11 d when fed concentrate, but being markedly reduced (turnover of 4 d) during dietary transition from roughage to concentrate (Goodlad, 1981) . However, epithelial hypertrophy cannot be eliminated as a possible mechanism partially explaining the adaptive response (Burrin et al., 1992 ).
In the current study, although a recovery response was observed for the absorptive function, we observed that heifers restricted to 25% of ad libitum feeding had compromised barrier function relative to heifers restricted to 50%, and data are suggestive that barrier function may have been compromised relative to heifers fed 75% of ad libitum feeding before recovery. However, we did not observe period effects or an interaction between treatment and period for total tract barrier function indicating that barrier function may not have recovered for heifers exposed to severe FR until REC3. In a companion paper (Zhang et al., 2013) we demonstrated that only heifers exposed to severe FR had greater urinary Cr recovery relative to baseline measurements. Thus, the greater urinary Cr recovery observed during recovery may be a carryover effect of the FR event. Additionally, on return to ad libitum feed intake, heifers experienced sustained low ruminal pH with heifers exposed to greater severities of FR having a more pronounced response. Exposure of ruminal epithelia to low mucosal pH increases the passive permeation of histamine (Aschenbach and Gäbel, 2000) , mannitol (Penner et al., 2010) , and increases tissue conductance (Wilson et al., 2012) . Therefore, in the current study, the ruminal acidosis occurring in the group restricted to 25% of ad libitum intake could be the reason for the compromised barrier function during the recovery periods. Although we did not measure ruminal epithelial barrier function separately, the compromised total gastrointestinal barrier function for the most severe FR may come from the acid-damaged ruminal barrier function. Research is needed to elucidate the molecular mechanisms regulating total tract barrier function during and after FR and to determine regions that are most susceptible to barrier dysfunction.
We conclude that the severity of the FR imposed affects the recovery response for DMI and SCFA absorption with more severe FR delaying recovery. Moreover, severe short-term FR compromises total tract barrier function over longer periods. Regardless of severity, short-term FR induces ruminal acidosis on return to ad libitum feeding.
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